Long-term fatigue tests under compressive loading were performed on low-strength brick masonry prisms 10 under laboratory conditions. The number of loading cycles to failure were recorded and used to investigate 11 the suitability of the logarithmic normal distribution to describe fatigue test data and to develop a probability 12 based mathematical expression for the prediction of the fatigue life of masonry. The proposed model 13 incorporates the applied maximum stress level, stress range, number of loading cycles and probability of 14 survival. From the mathematical model a set of curves for stress level -cycles to failure -probability of 15 survival (S-N-P) were identified to allow the fatigue life of masonry to be predicted for any desired 16 confidence level. Upper limit, lower limit and mean curves were proposed. The prediction curves were 17 compared with the test data and proposed expressions from the literature and proved to be suitable to predict 18 the fatigue life of masonry. It is surmised that S-N-P curves provide a useful tool to help evaluate the 19 remaining service life of masonry arch bridges at different confidence levels, based on material properties. 20
Introduction 25
Understanding and predicting the effect of fatigue 26 for masonry is imperative for the preservation and 27 maintenance of masonry arch bridges. Masonry 28 arch bridges represent a significant part of the 29
European railway and highway system. The 30 increased weight, speed and density of traffic 31 impose higher levels of fatigue loading on the 32 structure and can lead to premature deterioration 33 [1, 2, 3, 4, 5] . 34
Models to predict the fatigue life of masonry have 35
been proposed in the form of S-N (Stress-Number 36 of cycles) curves [1, 2, 4] . The models were 37 developed based on a limited number of 38 experimental test data and no guidance has been 39 available to apply them for different types of 40
masonry. 41
Roberts et al., [1] defined a lower bound fatigue 42 strength curve for dry, submerged and wet brick 43 masonry based on a series of quasi-static and 44 high-cycle fatigue tests on brick masonry prisms 45
(Equation 1). This equation relates the number of 46
loading cycles with the maximum applied stress, 47 
75
During analysis of the test data, Casas [2] ignored 76 the values for two maximum stress levels (S max = 77 0.65 and S max = 0.6) and for high values of 78 survival probability, the values of regression 79 coefficient are quite low, suggesting that the 80 correlations are not very good [5] . Based on Casas 81
[2], and on the review performed by Wang et al., 82 [5] , it is suggested that the suitability of the 83
Weibull distribution to describe fatigue needs to 84 be further investigated, due to the fact that the 85 correlations are not very good (low) and because 86 the number of samples that was used was limited. 87
Finally, Tomor and Verstrynge [4] developed a 88 joined fatigue-creep deterioration model. A 89 probabilistic fatigue model was suggested by 90 adapting the model proposed by Casas [2, 6] . A 91 correction factor C was introduced to allow 92 interaction between creep and fatigue phenomena 93 to be taken into account and to adjust the slope of 94 the S-N curve (Equation 3). 95
Where S max is the ratio of the maximum stress to 96 the average compressive strength, N the number 97 of cycles, R the ratio of the minimum stress to the 98 maximum stress, parameter A was set to 1, 99 parameter B was set to 0.04 and C is the 100 correction factor. This model also includes quasi-101 static tests and was intended to represent the mean 102 fatigue life of masonry. The correction factor C, 103 however, depends on the set of experimental data 104 and the equation may not be used as a prediction 105
model. 106
The aim of this research is to investigate the 107 suitability of the logarithmic normal distribution 108 to describe fatigue test data and to propose a 109 model for S-N curves to predict the fatigue life of 110 masonry at any required confidence level. A 111 family of S-N curves are generated with mean, 112 The fatigue data presented in Table 2 exhibit large 162 scatter. The phenomenon of scatter for fatigue test 163 data under the same loading conditions is well 164 known and attributed to differences in the 165 5 microstructure for different specimens [10] . 166
Potential sources of scatter could be the specimen 167 production and surface quality, accuracy of testing 168 equipment, laboratory environment and skill of 169 laboratory technicians [11] . Scatter is generally 170 larger for low stress amplitudes [11] . For the 171 presented test data, large scatter is also observed 172 for 80% maximum applied stress. This, however, 173 is due to the small number of tests performed at 174 this stress level. Similar scatter of the fatigue data 175 in terms of magnitude is observed in the test data 176 by Clark [12] and Tomor et al., [3] . 177 Table 2 Fatigue tests in compression on B1M01 type prisms. presented in a three-dimensional format using 184 stress-number of cycles-probability of failure or 185 probability of survival (S-N-P) curves. The S-N-P 186 relationship indicates curves for the lower bound, 187
upper bound and the mean of the data points. (Table 3) . 233 
236
Even though the 50% failure probability curve 237 provides a good approximation of the mean test 238 data, the 5% and 10% failure probability curves 239 do not represent reliable lower bounds. This could 240 be due to the fact that only a few specimens were 241 tested at 80% maximum stress and results 242 . 260
where L is the probability of survival, a, b and c 261 are experimental constants, S max is the ratio of the 262 maximum applied stress over the quasi-static 263 compressive strength, N is the number of cycles 264 for fatigue failure. The probability of survival L is 265 equal to 1-P f (P f is the probability of failure) and 266 is used instead of the probability of failure to 267 Using least square normal equations, expressions 303 (14) and (15) 
Application

325
In Figure 3 , the S-N-P curves for 99%, 95%, 50%, 326 5% and 1% probabilities of survival are indicated 327 for the experimental fatigue data under study. The 328 curve for 0.50 probability is a reliable estimate of 329 specifically studied for masonry [5] and 362 designated experimental data are required to 363 incorporate this effect within a mathematical 364 model.
12
366
Figure 4
Experimental data by Clark [17] coupled with the proposed S-N-P curves.
367
Tomor et al., [3] tested a series of masonry prisms 368 under fatigue loading at 2 Hz frequency and 10% 369 minimum stress. Prisms tested under stress levels 370 lower than 58% did not fail and testing was 371 terminated. The test data are presented in Figure 5  372 together with the S-N-P curves. Disregarding the 373 prisms that did not fail under fatigue loading, the 374 0.50 probability curve is a reliable estimate of the 375 test data, while the 0.95 probability of survival 376 curve consists a lower limit. The 0.99 probability 377 curve may also be used as a more conservative 378 lower limit. 379 13 380 Figure 5 Experimental data by Tomor et al., [3] coupled with the S-N-P curves.
381
Comparison of available experimental data with 382 the proposed prediction model indicates Equation 383 16 can be satisfactorily used to predict the fatigue 384 life of brick masonry under compressive loading 385 at any desired confidence level. In every case, the 386 curve corresponding to 0.50 probability of 387 survival indicated the mean fatigue life of dry 388 brick masonry. As a lower limit, the 0.95 389 probability curve can be considered as a good 390 representation, while the 0.99 curve offers a more 391 conservative solution. For the upper limit, the 0.01 392 probability curve generally provided a reliable 393 estimate. For wet and saturated masonry, further 394 experimental data are needed to develop 395 probability models. 396
The presented masonry prisms were tested under 397 slightly different minimum stress levels, 398 σ min /f c =5% by Clark [17] and σ min /f c =10% by 399
Tomor et al., [3] , although the proposed S-N-P 400 model appears to be a good estimate for all test 401 data, regardless of the minimum stress level. 402
Further test data is needed for identifying the 403 effect of minimum stress on the probability of 404
survival. 405
Comparison of the proposed S-N-P model with 406 models presented in the literature is carried out 407 separately for the lower limit and mean fatigue 408
life. 409
For lower limit the current test results (Table 2) (Table 2) with lower limit from a) Equation 16 for P f =0.95, b) Casas [2] for P f =0.95 and c) Roberts et al., [1] 
426
For prediction of the mean fatigue life the current 427 test results (Table 2) 
